In the facultative long-day plant Arabidopsis thaliana, FLOWERING LOCUS T (FT), encoding the mobile hormone florigen, plays an essential role in modulating the optimal timing of flowering to ensure reproductive success. Under inductive long-day conditions, the transcription of FT is activated by the CONSTANS (CO)/NUCLEAR FACTOR-Y (NF-Y) protein complex in leaf phloem companion cells. FT is transported to the shoot apical meristem through interaction with florigen transporters, such as SODIUM POTASSIUM ROOT DEFECTIVE 1 (NaKR1). Some regulators involved in photoperiod-dependent FT function have been reported previously; however, the molecular mechanism that coordinates FT protein synthesis and transport efficiently needs to be investigated. The present study examined the role of an Myb-related transcription factor, FE, in the activation of FT gene transcription and FT protein transport. Expression analysis using FE-inducible systems and chromatin immunoprecipitation assays showed that FE directly bound to the FT and NaKR1 promoters and activated the transcription of downstream target genes. FE failed to activate FT expression without CO function, whereas FE-mediated NaKR1 induction was not affected by CO function. Taken together, our data indicate that FE regulates the transcription of FT and florigen transporter genes via different mechanisms.
Introduction
The proper timing of flowering, which is the developmental transition from vegetative phase to reproductive phase, is crucial for the reproductive success of flowering plants. This transition is precisely controlled by developmental and environmental cues (Andrés and Coupland, 2012) . Perception of these signals induces the production of a mobile flowering hormone, florigen, in leaf phloem companion cells. This flowering hormone is transported from leaves to the shoot apical meristem (SAM) via phloem sieve elements to initiate flowering. In a facultative long-day plant, Arabidopsis thaliana, the FLOWERING LOCUS T (FT) protein is the major component of florigen signaling (Kardailsky et al., 1999; Kobayashi et al., 1999; Abe et al., 2005; Wigge et al., 2005; Corbesier et al., 2007; Jaeger and Wigge, 2007; Lin et al., 2007; Mathieu et al., 2007 , Notaguchi et al., 2008 .
We recently reported that the phloem-specific Myb-related transcription factor FE/ALTERED PHLOEM DEVELOPMENT (FE/APL) is a pivotal flowering regulator of Arabidopsis photoperiodic flowering. According to our expression analysis, the FE protein is involved in the activation of FT transcription, and decreased expression of FT under long-day conditions is partly responsible for the long-day-specific late-flowering of fe-1 (Abe et al., 2015) . However, further study is required to clarify the detailed molecular function of FE in the activation of FT transcription. Under long-day conditions, FT transcription is induced and shows diurnal oscillation with a significant peak at dusk. This unique expression pattern of FT mRNA is mainly controlled by CONSTANS (CO), a transcription factor with B-box type zinc fingers . CO mRNA abundance is regulated by light signaling and the circadian clock, and the CO protein is stabilized by light signaling specifically in the long-day afternoon. This light-dependent control of CO expression leads to the long-day-specific induction of FT mRNA (Putterill et al., 1995; Samach et al., 2000; Suárez-López et al., 2001; Valverde et al., 2004; Imaizumi, 2010; Song et al., 2013) .
A 5.7-kb sequence upstream of the FT initiation codon contains all regulatory elements necessary for the spatiotemporal expression of FT (Adrian et al., 2010) . Chromatin immunoprecipitation (ChIP) assays and electrophoretic mobility shift assays demonstrated that the CO protein directly binds to CO responsive elements (CORE) located approximately 250 bp upstream of the FT translation start site (Tiwari et al., 2010; Song et al., 2012) . The CO protein requires physical association with components of the NUCLEAR FACTOR-Y (NF-Y) complex, which bind to a CC AAT motif to activate FT expression (Ben-Naim et al., 2006; Wenkel et al., 2006; Kumimoto et al., 2010; Cao et al., 2014; Zhao et al., 2017) . The putative NF-Y complex binding site is not found in the proximal region including the CORE site, although multiple CCAAT cis elements are located in the distal region of the FT promoter. Therefore, the CO-mediated activation of FT transcription is proposed to involve the formation of long-distance chromatin looping, which brings the distal CCAAT sites into proximity to CORE sites. This model is supported by experimental evidence from a chromosome conformation capture method that detects physical interactions between spatially separated regions (Cao et al., 2014) .
Our phenotypic analysis revealed that the fe-1 mutation impaired the long-distance transport of FT protein, in addition to the activation of FT transcription (Abe et al., 2015) . In wildtype (WT) Arabidopsis, the FT protein moves from leaves to the SAM, where it interacts with a b-ZIP protein, FD, to initiate floral morphogenesis (Abe et al., 2005; Wigge et al., 2005) . Recently, the phloem-localized FT protein interactors FT-INTERACTING PROTEIN1 (FTIP1) and SODIUM POTASSIUM ROOT DEFECTIVE1 (NaKR1) were reported to be florigen transporters required for the long-distance transport of FT (Liu et al., 2012; Zhu et al., 2016; Song et al., 2017) . FTIP1 encodes a plasmodesmata-localized protein containing three C2 domains and one phosphoribosyltransferase C-terminal domain, and it mediates the loading of FT from companion cells to sieve elements (Liu et al., 2012; Song et al., 2017) . Attenuation of the long-distance transport of FT protein in the fe-1 mutant is at least partly caused by the lower expression of FTIP1, an immediate target gene of FE (Abe et al., 2015) . Another FT protein transporter, NaKR1, is a member of the family of metallochaperone-like proteins with a heavy-metal-associated domain; it promotes FT protein transport through sieve elements (Tian et al., 2010; Zhu et al., 2016) . Zhu et al. (2016) reported that the transcription of NaKR1 exhibits an obvious circadian rhythm under long-day conditions and is regulated by CO protein.
These observations suggest that FT transport to the SAM is regulated in a daylength-dependent manner. Recent studies, including ours, revealed that long-distance transport of the FT protein involves multiple steps and various regulators; however, the regulation of FT protein transport at the molecular level remains largely unknown.
We have reported that FE plays a key role in coordinating the synthesis and transport of FT via transcriptional regulation (Abe et al., 2015) . Here, we further investigated the molecular function of FE in the transcriptional regulation of downstream targets. We show that FE directly activated the transcription of FT and NaKR1 via binding to its promoter region. Our experimental data strongly suggest that the CO/NF-Y complex is necessary for FE-mediated FT activation under long-day conditions. On the other hand, the transcription of florigen transporters, NaKR1 and FTIP1, showed non-diurnal expression patterns in WT seedlings. Furthermore, genetic analysis revealed that CO function is not required for the transcription of NaKR1 and FTIP1 induction via the FE protein. Based on these results, we propose that FE regulates the transcription of FT and florigen transporter genes in different manners in leaf phloem companion cells.
Results

CO function is required for FE-mediated FT induction
We previously showed that FT, a florigen gene, is an immediate target of the FE protein (Abe et al., 2015) . To understand the role of FE in FT activation, we initially analyzed the effects of the fe-1 mutation on daily rhythms of FT transcription by quantitative reverse transcription-PCR (RT-qPCR). The diurnal expression pattern of FT, which shows a significant peak at dusk in WT, was eliminated in fe-1 even under long-day conditions (Fig. 1A) . This strongly suggests that FE is necessary for the activation of FT transcription at dusk under long-day conditions. On the other hand, an FE-inducible system, a transgenic plant overexpressing glucocorticoid receptor (GR)-fused FE (p35S:FE-GR), demonstrated that FT expression was immediately induced after application of dexamethasone (Dex) at dusk ( Supplementary Fig. S1 ) (Abe et al., 2015) . These observations suggest that FE is involved in the long-day-specific activation of FT mRNA.
To further understand the molecular mechanism of FEmediated FT induction, we constructed another FE-inducible system in which FE is activated under the control of the heat shock protein 18.2 promoter (pHSP:FE) (Takahashi et al., 1989) ( Supplementary Fig. S2 ). In pHSP:FE seedlings, a large amount of FE mRNA was rapidly induced by heat treatment, with the subsequent accumulation of FE protein ( Supplementary Fig.  S2 ). Use of this heat-inducible FE expression system demonstrated that heat treatment in the morning [zeitgeber time (ZT) 4] could not immediately induce FT mRNA expression in pHSP:FE seedlings (Fig. 1B) . However, higher expression levels of FT than in WT were observed at dusk (ZT16), when the CO protein endogenously activated FT expression (Fig. 1B) . Furthermore, under short-day conditions, heat treatment in the morning (ZT4) did not lead to the accumulation of FT mRNA at ZT16 ( Supplementary Fig. S3 ). These results suggest that FE function influences FT induction at dusk and CO is related to FE-mediated FT induction.
CO is well known as an essential regulator of FT transcription under long-day conditions. To address whether CO is involved in FE-mediated FT induction, expression analysis was performed using the p35S:FE-GR system in WT and a T-DNA insertion allele in a CO (co-10) background. In p35S:FE-GR co-10 plants, the amount of FT mRNA induced by application of Dex was dramatically lower than that in the WT background (Fig. 1C) . Therefore, we concluded that FE could not activate the transcription of FT effectively in the absence of CO function. These results suggest that FE and CO act closely together in the transcriptional activation of FT under inductive photoperiods. This was further supported by the observation that fe-1 did not markedly enhance the flowering phenotypes of co-10 under long-day conditions (Fig. 1D ).
FE protein physically associates with the distal region of the FT promoter
Previous studies suggested that putative components of the CO/NF-Y complex bind to several regions of the FT promoter to form a long-distance chromatin loop to stabilize FT transcription (Tiwari et al., 2010; Song et al., 2012; Cao et al., 2014) . Since CO was expressed at the same level in WT and fe-1 mutants (Abe et al., 2015) , our expression and genetic analyses described above suggest that FE may act together with CO in the activation of FT transcription. Thus, we next investigated whether FE directly interacts with the FT promoter and activates FT expression together with the CO/NF-Y complex by ChIP analysis using the gFE:3xFLAG transgenic line, which can rescue the defect of a null allele of FE (apl; Bonke et al., 2003) ( Supplementary Fig. S4 ). Three DNA fragments in the FT promoter region, designated Fp-1 to Fp-3, were used for the ChIP assays ( Fig. 2A) . In our ChIP-qPCR experiments, the FE-3ÂFLAG protein was strongly associated with the Fp-2 region, which is 4.5 kb upstream from the translation initiation site ( Fig. 2A, B ). Fp-2 contains a putative binding site of another SHAQKYF-class Myb-related flowering factor, EARLY FLOWERING MYB PROTEIN (EFM) (Yan et al., 2014) . FE-3ÂFLAG protein also physically bound to the Fp-1 region, which contains several NF-Y complex binding sites (CCAAT sites) located 5.3 kb upstream from the ATG site ( Fig. 2A, B ). According to a previous report, Fp-1 and Fp-3 are important regions for the formation of the CO/NF-Y protein complex on the FT promoter (Cao et al., 2014 , Gnesutta et al., 2017 ; however, a significant enrichment of the Fp-3 region containing CORE sites was not observed in the ChIP-qPCR analysis ( Fig.  2A, B) .
Finally, we performed yeast two hybrid (Y2H) assays to test whether FE physically interacts with the components of the CO/ NF-Y complex. In this assay, the FE protein reproducibly interacted with CO or NF-YB2 in yeast cells (Fig. 2C) . Therefore, it is likely that FE forms a chromatin loop together with components of the CO/NF-Y complex and directly binds to several regions of the FT locus to stabilize its expression under long-day conditions.
fe-1 affects the transcription of NaKR1 FT protein transport from leaves to the SAM is delayed in the fe-1 mutant, since fe-1 results in reduced transcription of FTIP1, a florigen transporter gene ( Supplementary Fig. S5 ) (Abe et al., 2015) . Recently, NaKR1, a heavy-metal-associated protein, was identified as another florigen transporter (Tian et al., 2010; Zhu et al., 2016) . Therefore, we next investigated whether fe-1 affects the transcription of NaKR1 as well as FTIP1.
We first compared NaKR1 expression in WT and fe-1 seedlings by RT-qPCR. The transcription of NaKR1 is reported to be regulated by CO and shows a long-day-specific diurnal oscillation with a significant peak at ZT10 (Zhu et al., 2016) ; however, NaKR1 expression in WT plants did not exhibit an obvious circadian rhythm under the long-day condition in the present experiments (Fig. 3A) . Consistently, public microarray data reanalyzed with a web-based tool provided by the Mockler Lab, Donald Danforth Plant Science Center (http://diurnal.mocklerlab.org), did not show the distinct peak of NaKR1 at ZT10 under long-day conditions ( Supplementary Fig. S6 ) (Mockler et al., 2007) . In addition, the expression of FTIP1 did not exhibit an obvious circadian oscillation in long days (Supplementary Figs. S5 and S6) . The expression rhythm of NaKR1 was not markedly affected by the fe-1 mutation, although the abundance of NaKR1 mRNA in fe-1 was lower than that in WT throughout a day (Fig. 3A) .
To further examine the effects of fe-1 on NaKR1 expression, -glucuronidase (GUS) expression was analyzed in transgenic Arabidopsis expressing the GUS reporter gene under the control of the NaKR1 promoter (pNaKR1:GUS) (Tian et al., 2010) . As reported, GUS expression in WT seedlings was detected in phloem tissues of various organs, including roots (Fig. 3B,  D, F) (Tian et al., 2010; Zhu et al., 2016) . In the fe-1 background, however, GUS activity was greatly reduced compared with that in the WT background in all phloem tissues (Fig. 3C, E, G) . This was consistent with the results obtained by RT-qPCR analysis of NaKR1 expression (Fig. 3A) . According to these expression analyses, fe-1 reduced the mRNA levels of NaKR1, as it did also with FTIP1. These data suggest that the NaKR1 gene is a possible downstream target of FE.
FE directly activates NaKR1 expression
To test whether the FE protein can activate the transcription of NaKR1, RT-qPCR analysis was performed using a heat-inducible FE expression system (pHSP:FE). After induction of FE by heat treatment in the morning (ZT4), NaKR1 mRNA levels increased rapidly within 4 h and remained high until the evening (ZT16) (Fig. 4A) . This NaKR1 up-regulation was not observed in the heat-treated WT (Fig. 4A) .
Furthermore, use of p35S:FE-GR system demonstrated that NaKR1 expression was obviously induced after application of Dex even in the presence of cycloheximide (Cyc), a protein translation inhibitor (Fig. 4B) . These expression analyses indicated that FE is involved in the immediate activation of NaKR1 as well as FTIP1. The late-flowering phenotype of nakr1-1 was enhanced by fe-1 (Fig. 4C) . The defect of FTIP1 function in the fe-1 mutant might be responsible for this enhancement, because nakr1-1 ftip1-1 double mutants flowered later than each single mutant under long-day conditions (Zhu et al., 2016) .
To determine whether FE binds directly to the NaKR1 promoter, we performed ChIP analysis using gFE:3xFLAG plants. We used three DNA fragments in the NaKR1 promoter region, designated Np-1 to Np-3, for the ChIP assays (Fig. 4D) . As shown in Fig. 4E , ChIP-qPCR experiments revealed that Np-1 and Np-2 fragments were significantly enriched using a FLAG antibody, indicating that FE-3ÂFLAG protein was physically associated with sites 600 (Np-1) and 400 bp upstream (Np-2) from the translation initiation site of NaKR1, but not with the proximal region of the ATG site (Np-3) (Fig. 4D, E) .
The diurnal oscillation and spatial expression patterns of NaKR1 were similar to those of FE (Fig. 3, Supplementary Fig.  S7 ). In addition, we revealed that the FE protein can activate NaKR1 expression, and FE has the ability to associate with the NaKR1 promoter region. Taken together, these results indicate that the FE protein directly promotes NaKR1 transcription in companion cells of phloem tissues.
CO function is not required for FE-mediated NaKR1 induction
To determine whether CO function is required for FE-mediated NaKR1 activation, we compared NaKR1 mRNA levels between WT and co-10 by RT-qPCR. An earlier study reported that the transcription of NaKR1 was downregulated during daytime in the co mutant or under short-day conditions (Zhu et al., 2016) ; however, no significant difference in NaKR1 mRNA levels was observed between WT and co-10 under long-day conditions in the present study (Fig. 5A) . Even in the short-day-grown WT, NaKR1 was expressed at the same level as in the long-daygrown WT ( Supplementary Fig. S8 ). These results suggest that CO function and long-day conditions rarely affect the transcription of NaKR1 in leaf phloem companion cells.
Next, whether CO function is required for FE-mediated NaKR1 induction was investigated using the above-described p35S:FE-GR system. In p35S:FE-GR seedlings, NaKR1 expression was immediately activated by a single application of Dex (Fig. 5B) . Unlike the regulation of FT, NaKR1 mRNA was upregulated after Dex treatment even in the co-10 background at the same levels as in the WT background (Fig. 5B) . The same experiment was performed with the FTIP1 gene, another FE immediate target gene, which showed that activation of FTIP1 is also independent of CO function ( Supplementary Fig. S9 ).
Our expression analysis showed that induction of NaKR1 and FTIP1 mRNA in the FE-inducible systems was not affected by the co mutation. Therefore, CO function is not necessary for the FE-mediated activation of the florigen transporter genes NaKR1 and FTIP1, indicating that FE can effectively promote NaKR1 and FTIP1 expression independently of CO in leaf phloem companion cells.
Discussion
In flowering plants, the proper timing of flowering is critically important for reproductive success, and the expression and function of florigen are highly controlled by multiple layers of regulatory systems. fe-1 is a late-flowering mutant identified in early research on Arabidopsis flowering (Koornneef et al., 1991) . According to phenotypic and genetic analyses, FE and FT participate in the same flowering regulatory pathway (Koornneef et al., 1991 (Koornneef et al., , 1998 Abe et al., 2015) . This implies that FE, a phloemspecific Myb-related protein, is closely related to florigen function and plays a crucial role in FT regulation. Here, we show that FE regulates the transcription of the florigen gene and two florigen transporter genes through different mechanisms.
According to our expression analysis using FE-inducible transgenic plants, CO plays an essential role in FE-mediated FT induction (Fig. 1C) . Previous studies suggested that the NF-YB and NF-YC subunits play a 'pioneering' role by forming chromatin-looping structures together with CO, which bind to the CORE sites in the proximal region of the FT promoter (BenNaim et al., 2006; Wenkel et al., 2006; Adrian et al., 2010; Cao et al., 2014; Siriwardana et al., 2016) . Regarding the CO/NF-Y complex, hypothetical models for the activation of FT were proposed by several groups. However, further identification of the transcription factors and cis elements that stabilize the looping structure on the FT promoter is required for the following reasons: (i) high levels of CO overexpression can partially overcome late-flowering phenotypes in various nf-y mutants; (ii) the chromatin-looping structure does not completely disappear in co or nf-y mutants; and (iii) mutations at À5.3 kb distal CCAAT sites cause earlier flowering than in nf-y mutants (Kumimoto et al., 2010; Tiwari et al., 2010; Cao et al., 2014; Siriwardana et al., 2016) . We demonstrated that FE can potentially interact with both CO and NF-YB2, an important component of the flowering-related NF-YB/NF-YC complex (Fig. 2C) , and that FE associates with a À5.3 kb distal region where NF-YB2 binds to assist chromatin-loop formation ( Fig. 2A, B) (Cao et al., 2014) . In addition, FE activates FT in a CO-dependent manner (Fig. 1C) , and fe-1 causes reduced expression of FT despite unaltered CO mRNA levels (Abe et al., 2015) . These results led us to hypothesize that FE is involved in chromatin-loop formation in cooperation with CO/NF-YB/NF-YC complexes. In our scenario, FE may act as an additional scaffold at the Fp-2 region to generate a robust looping structure for stabilizing CO binding to the proximal CORE sites. FE and EFM, another flowering regulator, belong to the SHAQKYF-class Myb-related proteins. The EFM protein acts as a negative regulator in the ambient temperature flowering pathway by repressing FT expression through chromatin modification at the FT locus (Yan et al., 2014) . EFM associates with the Fp-2 region of the FT promoter and removes the active histone mark, H3K36me2, through interaction with JMJ30, a Jumonji C-domain-containing histone modifier (Yan et al., 2014) . Since FE and EFM belong to the same transcription factor family and regulate FT expression in opposite directions, they may compete with each other for occupancy of the common cis element in the Fp-2 region. Thus, it is likely that FE also plays a role in the ambient temperature-dependent pathway by preventing repressive chromatin from spreading over the FT locus.
FE activates the transcription of FTIP1 and NaKR1, florigen transporter genes, in phloem companion cells. Our expression analyses revealed that neither FTIP1 nor NaKR1 shows a diurnal expression pattern at the mRNA level under long-day conditions ( Fig. 3A, Supplementary Figs. S5, S6 ). While Zhu et al. (2016) indicated that CO directly regulates NaKR1 expression, CO function was not required for the upregulation of NaKR1 in the present study (Fig. 5B, Supplementary Fig. S8 ). FE contains an Myb domain, a well-known DNA binding motif, at the N-terminus, although a definite transcription-activation domain is not found in its sequence. Hence, a functional partner containing a transcription-activation domain other than CO is required for the transcriptional activation of NaKR1 or FTIP1. The transcription pattern of this unidentified FE partner might not oscillate through a day, unlike that of CO, because the transcription of FE and florigen transporter genes does not show a rhythmic pattern with a significant peak.
Whether the activity of florigen transporters is constant throughout a day remains unclear; however, a previous study suggested that there is a strict time point at which the FT protein sufficiently initiates flowering (Krzymuski et al., 2015) . Additionally, NaKR1 is involved in the transport of sucrose from source to sink tissues, which is deeply associated with photosynthetic product translocation during the night (Tian et al., 2010; Zhu et al., 2016) . Hence, it is natural to consider that most (E) FE-3ÂFLAG accumulation at the NaKR1 locus in gFE:3xFLAG seedlings. Target DNA from gFE:3xFLAG immunoprecipitated against the input DNA was quantified by qPCR. Asterisks indicate statistically significant differences (Student's t-test, P < 0.05). Error bars show the SDs (n =3).
phloem mobile substrates, such as florigen or photosynthetic products, are transported to the SAM or sink tissues under photoperiodic regulation, which reflects the diurnal pattern of FT expression or activity in photosynthesis. Our data indicate that NaKR1 and FTIP1 are not controlled by photoperiodic regulation, at least at the mRNA level. Therefore, unknown post-transcriptional and/or post-translational modifications of these transporter genes must be required for the effective regulation of time-point-dependent transportation.
In summary, our study provides new insight into the molecular functions of FE in the regulation of florigen synthesis together with the CO/NF-Y complex and florigen transport by controlling the accumulation of two known florigen transporters (Fig. 6) . Given that FE, as well as EFM, is involved in the epigenetic regulation of FT transcription, we plan to study altered histone modifications at the FT locus in the fe-1 mutant or FE-inducible systems. Furthermore, as florigen transport is a complex process, there is room for the discovery of other florigen transporters acting together with NaKR1 and FTIP1. Therefore, searching the pool of potential FE-downstream factors may be an effective strategy to shed light on florigen transport. Further studies to examine the role of FE in FT regulation and the activation of other downstream targets are needed to understand the molecular mechanism underlying florigen regulation.
Materials and Methods
Plant materials and growth conditions
The ecotype Columbia (Col) was used as WT. The Arabidopsis homozygous mutants fe-1 (point mutation), nakr1-1 (frameshift mutation) and co-10 (T-DNA insertion) were described previously (Laubinger et al., 2006; Tian et al., 2010; Abe et al., 2015) . All transgenic lines used in this study were in the Col background. Transgenic lines for pNaKR1:GUS and p35S:FE-GR were described previously (Tian et al., 2010; Abe et al., 2015) . Lines transgenic for pHSP:FE, gFE:3xFLAG and gFE:GUS were obtained in this study (Supplementary Fig.  S10 ). Arabidopsis was grown on soil or Murashige and Skoog (MS) medium containing 0.8% agar supplemented with 1% sucrose at 22 C under long-day (16 h light/8 h dark) or short-day (8 h light/16 h dark) conditions.
RNA extraction and RT-qPCR
TRIzol regent (Thermo Fisher Scientific) was used to extract total RNA from Arabidopsis 10 d after germination (DAG). After the removal of DNA, 100 ng of total RNA served as the template for cDNA synthesis with SuperScript III (Thermo Fisher Scientific) according to the manufacturer's instructions. RTqPCR was performed with the Lightcycler 480II system (Roche) using LightCycler Õ 480 Probes Master (Roche) or the KAPA SYBR Õ FAST qPCR Kit (Nippon Genetics). The primers and probes used are listed in Supplementary  Table S1 . The amount of a given mRNA was normalized to the expression of eukaryotic translation initiation factor 4A-1 (eIF4) in each sample. Mean and SD values were calculated using at least three technical replicates. Fig. 5 CO is not required for FE-mediated NaKR1 induction. (A) NaKR1 expression levels in WT and co-10 seedlings collected at 10 DAG under long-day conditions every 4 h over a 24-h period after dawn (ZT0). Error bars show the SDs (n =3). (B) NaKR1 mRNA levels in p35S:FE-GR and p35S:FE-GR co-10 seedlings at ZT16 under long-day conditions. Transgenic plants were treated with Mock or Dex at ZT12-12.5. Error bars show the SDs (n =3). On the other hand, FE activates the florigen transporter genes NaKR1 and FTIP1 in a CO-independent manner to transport the FT protein smoothly from leaves to the SAM via phloem tissues. FT protein is loaded from companion cells to sieve elements by FTIP1, then travels through sieve elements with the help of NaKR1.
GUS staining
Seedlings (10 DAG) grown on MS medium were fixed in 90% acetone for 15 min on ice, then transferred to staining buffer (50 mM phosphate buffer pH 7.0, 1 mM potassium ferrocyanide, 1 mM potassium ferricyanide, 0.1% Triton X-100, 0.5 mg ml À1 X-Gluc). After brief vacuum infiltration, the mix was incubated at 37 C overnight. GUS staining was observed under a microscope after destaining with 70% ethanol.
ChIP assay
Seedlings (12 DAG) were collected and powdered in liquid nitrogen, then fixed at room temperature for 15 min in 1% formaldehyde. Chromatin was isolated and sonicated to produce 200-500-bp DNA fragments. The FE-3ÂFLAG fusion protein was immunoprecipitated by Monoclonal ANITI-FLAG Õ M2 antibody produced in mouse (F1804; Sigma-Aldrich). qPCR was performed and ChIP efficiency was calculated as a percentage of the input as previously described (Haring et al., 2007) .
Y2H assay
The coding regions of FE, CO and NF-YB2 were amplified and cloned into either pGADT7 or pGBKT7 (Clontech). Primers used in the Y2H assay are listed in Supplementary Table S1 . Y2H Gold cells were co-transformed with specific bait and prey constructs. Transformed yeast cells were grown on synthetic defined medium lacking leucine and tryptophan (SD/ÀLeu/ÀTrp ) or synthetic defined medium lacking leucine, tryptophan and histidine (SD/ÀLeu/ÀTrp/ÀHis ) for selection or assay.
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